Calcined coke is a competitive material for making carbon anodes for smelting of alumina to aluminum. Calcining is an energy intensive industry and a significant amount of heat is exhausted in the calcining process. Efficiently managing this energy resource is tied to the profit margin and survivability of a calcining plant. To help improve the energy efficiency and reduce natural gas consumption of the calcining process, a 3-D computational model is developed to gain insight of the thermalflow and combustion behavior in the calciner. Comprehensive models are employed to simulate the moving petcoke bed with a uniform distribution of moisture evaporation, devolatilization, and coke fines entrainment rate with a conjugate radiationconvection-conduction calculation. The following parametric studies are conducted: rotation angles, tertiary air injection angles, devolatilization zone length, discharge end gas extractions without injecting natural gas, variations of coke bed properties (thermal conductivity and heat capacity), and coke bed sliding speed. A total of 19 cases have been simulated.
INTRODUCTION
Petroleum coke (or petcoke) is a carbonaceous solid derived from petroleum refinery cracking process. Calcination is the process of heating a substance to a high temperature, but below its melting or fusing point, to bring about thermal decomposition or a phase transition in its physical or chemical constitution. Petcoke is usually calcined in a gas-fired rotary kiln or rotary hearth at high temperatures, around 1,200 to 1,350 °C, to remove moisture, drive off volatile matters, increase the density of the coke structure, increase physical strength, and increase the electrical conductivity of the material [1] . Figure 1 shows the schematic of petcoke calcinations with tertiary air in a rotary kiln. Petcoke is fed from the feed end at the end of heat up zone and moves counter current of the hot combustion gas which is coming from the discharge end located at calcined coke zone. Tertiary air injections at calcining zone provide a combustion boost to utilize the volatiles coming off the petcoke and generate the heat required for the calcining process.
Fig. 1 Petcoke calcination with tertiary air
The product is hard, dense carbon (calcined petroleum coke) with low hydrogen content and good electrical conductivity. These properties along with the low metals and ash contents make calcined petroleum coke the most competitive material currently available for making carbon anodes for smelting of alumina to aluminum [2] . In addition, calcined coke is used in many other industries such as the manufacturing of graphite electrodes, titanium dioxide, and steel (to increase the carbon levels). The largest consumer of the calcined coke is the aluminum industry, at more than 70 % of the world's total.
Calcination is an energy intensive process. During the petcoke calcination, energy input is needed to heat up the petcoke and maintain the required calcining kiln temperature to produce the desired calcined petroleum coke quality. Meanwhile, volatile matters, producer gas, and a significant amount of waste heat are generated from the calcining process. Efficiently managing these energy resources is necessary for increasing the profit margin and survivability of a calcining plant.
Currently, natural gas is used as the kiln's primary combustion. In fact, the calcining process produces more energy from the volatiles in the petcoke than the theoretical energy needed for the calcining process. The ideal system would, except for start up, not need to burn natural gas because the energy from the petcoke could be utilized instead. In view of the volatility of natural gas price, minimizing natural gas consumption is essential to reducing production costs as well as avoiding the unsteady impact on profit margins exerted by fluctuating natural gas price.
To investigate means to save energy and to minimize (or remove) natural gas consumption, a series of studies have been conducted by the research team of Energy Conversion and Conservation Center at University of New Orleans. Li et al. [3] investigated energy saving by painting the surface of the kiln with different emissivity. They discovered that every 25 o C increase in the surface temperature will increase thermal loss by approximately 17% with the existing surface emissivity at 0.9. Lower emissivity paint is not necessarily ideal because it decreases thermal losses but increases the kiln surface temperature. Their analysis showed that painting the kiln's surface with a paint of 0.65 emissivity can achieve an optimum result of energy saving without imposing detrimental destruction to the refractory's integrity inside the kiln due to unmatched thermal expansions between refractory and metal shell. Li and Wang [4] conducted a transient analysis to investigate the effect of refractory brick's thermal conductivity and capacity on potential energy savings. Their results showed that only a small amount of heat is transferred by conduction from the refractory brick layer to the material and using a high thermal capacity refractory is not beneficial in saving energy as it was previously thought before the analysis.
To minimize natural consumption, Zhang and Wang [5 & 6] developed a thorough 3-D modeling and analysis of the calcining process to gain insights into the thermal-flow and chemical reaction process in the kiln at different rotating angle. This present paper continues the previous investigation [5 & 6] by specifically looking into the effects of the following parameters on calcination performance and energy savings: the tertiary air injection angles, devolatilization zone length, discharge end gas extractions without injecting natural gas, variations of coke bed properties, thermal conductivity and heat capacity of coke bed, and coke bed sliding speed.
A detailed description of calcination operation and development of the computational model is referred to Zhang and Wang [5] . A short summary is provided below.
PROBLEM SETUP AND MODELING
The governing equations for conservation laws of mass, momentum, and energy are given as:
The combustion reactions included in this study are: 
Computational Domain and Boundary Conditions
The overall computational domain of the studied rotary calcining kiln is shown in Fig. 2 . The model is developed and meshed using GAMBIT. The studied domain basically consists of three sections: the calcined coke zone, the calcining zone, and the heat-up zone. The fresh green petcoke is fed from the entrance of the heat-up zone (right upper end in Fig. 2 ) and discharged at the end of the calcined coke zone (left lower end in Fig. 2 ). The primary injection of air and fuel (natural gas) is located at the firing crown at the end of the calcined coke zone. In the calcining zone, six tertiary injectors are aligned along the kiln wall in a form of two longitudinal arrays located diametrically opposite to each other as shown in Figs. 3 and 4 . Fig. 3 shows the relative coke bed and tertiary air inlet position (i.e. rotational angles), and three different tertiary air injection angles simulated in this study. Fig. 4 shows the tertiary air injector locations and labeling used in this study. The downstream tertiary injectors are labeled as D1, D2, and D3, while the upstream injectors are labeled as U1, U2, and U3. Those injectors provide the necessary air to combust the volatile matters in the calcining and heat-up zones. The fuel used in the primary injection is methane, CH 4 . It is burned in the calcined coke zone to control the temperature and hence the quality of the calcined coke product. 
Computational Method
The commercial computational fluid dynamics (CFD) code, FLUENT, is used in this study. The momentum, energy, turbulence and species equations are discretized using the finite volume second order upwind scheme. Segregated method is employed to sequentially solve the governing equations of the conservation of mass, momentum, energy, turbulence and the species transports. The implicit pressure-correction scheme, SIMPLE algorithm [7] , is used to couple the pressure and velocity. Converged results are obtained after the specified residuals are met.
The species transport model with volumetric reaction and the eddy-dissipation model are chosen to simulate the chemical reactions. The chemical reaction rates are assumed to be faster than the mixing rates and are controlled by the turbulence time scale.
Computational Grid
The computational geometry is constructed and meshed in GAMBIT. Three-dimensional tetrahedral mesh is used for meshing the entire rotary kiln. Figure 5 illustrates the model geometry with computational grids used in the baseline case study. A total of 1,331,654 cells are employed.
The computational domain is a long and slender cylinder; the lengthdiameter ratio is 200:9. To properly mesh the geometry and avoid grid aspect ratio problem, this domain is divided into nine sub domains (not shown here, see [5] ). In the diametric direction, the kiln is separated into three horizontal zones based on the property of the media as: coke bed, cokefines/volatiles/moisture source layer, and the gas zone. In the axial direction (z-direction) from the feed end to the discharge end and based on the function of kiln, the kiln is separated into three sections: heat-up, calcining, and calcined zones. The mesh number of each sub domain is shown in Table 1 .
Fig. 5 Meshed geometry for the rotary calcining kiln
A typical physical iteration time of 5000 iterations for baseline case using a cluster of 8 personal computers in parallel processing requires approximate 20 hours.
The study matrix, including simulation conditions and number of cells are listed in Table 1 . The results are analyzed and discussed with the following different operating conditions: The results of baseline case and cases with different rotational angles (Item 1) were presented in a previous paper [6] . This paper presents the remaining parametric studies (Items 2 -6). 
RESULTS AND DISCUSSIONS

Various Tertiary Air Injection Angles
This section investigates the effect of tertiary air off-center injection angles on volatiles combustion and coke bed heating. Since the study in a previous paper [6] showed that the rotational angle of 45° delivers the best coke bed heating results (Case 6), the effect of tertiary injection angles are conducted with the rotational angle being fixed at 45°. Two cases are included for comparison: Case 7 turning ± 30° and Case 8 turning ± 45°. Injectors D1 and U1 are turned clockwise and injectors D2 and U2 are turned counterclockwise. The injection angle of Case 6 maintains at ± 15°. In this group's simulations of Cases 6, 7 and 8, the coke bed is removed from the computational domain and only two types of reactions, natural gas and volatile matters with air, are considered. The carbon combustion from the coke dusts is not included in simulation.
Figures 6, 7, and 8 show the temperature contours on the vertical mid-plane (X = 0), the horizontal mid-plane (Y = 0), and the coke bed surface, respectively. It is a surprise to see the effect of the injection angle on combustion, and heating of coke bed is more pronounced than expected. The signature of reduced combustion can be seen in all figures when the injection angle is increased from 15° to 30° and continuous to 45°. The cool spot seen in Fig. 8b at the one o'clock direction from the U2 injector clearly shows the cool spot is a result of the cold air being injected from U2 injector. This cool spot gets cooler as the injection angle increases from 30° to 45°, as shown in Fig. 8c . The cooling effect prevails in the tertiary air injection region and downstream region. Generally speaking, the coke bed temperature downstream of the tertiary air injection location decreases 150 K for each injection angle turning 15° off center. For Case 8 (45° injection), the coke bed temperature downstream of the tertiary air injection location is about 250 ~ 300 K cooler than in Case 6 (15° injection). Since the simulation of Cases 6, 7, and 8 are under a controlled condition with the only change being made by the injection angle, it can be concluded those cool regions on the coke bed surface in the calcining zone are the result of cold air being injected towards the bed surface. In addition to this undesired cooling effect, which will reduce the calcined coke quality, larger off-center injection angles will greatly reduce calcined coke quality and increase entrainment rates of coke fines, resulting in a reduction of product yields. The temperature contours in multiple crosssections in Fig. 9 further reinforce the previous observation that larger tertiary air injection angles will significantly change the temperature distribution and the effective combustion location. The mass flow weighted gas temperature in Fig. 10 shows Case 6 (15°) is about 100 K higher than other two cases along the kiln.
The coke bed surface centerline temperature distributions shown in Fig. 11 clearly shows the coke bed surface temperature for Case 7 (30° injection) is 100 K lower than Case 6 (15° injection), and Case 8 (45° injection) is 300 K lower than Case 6.
As shown in the velocity vector plots in Fig. 12 & 13 , when the tertiary air injection angle increases from 15 degrees to 45 degrees, gas flow from tertiary air inlets impinges on the bed surface and the kiln wall more directly. A stronger local recirculation can be observed as tertiary air injection angles increases from 15 degrees to 45 degrees as shown in Fig. 14 . The results show that the tertiary air injection angle at ±15° is the optimum design. 
Discharge End Flow Control
To reduce or eliminate natural gas consumption in the discharge end, alternative flow controls are examined to seek the possibility of utilizing energy provided by volatiles and coke combustion. In previous cases, a recirculation zone with an almost stagnant flow has blocked the volatiles and tertiary air from moving towards the discharge end. Therefore, it is thought that if air extraction is applied at the discharge end, the volatiles combustion may move toward the discharge end, or at least some hot gas can be sucked toward the discharge end. Based on this reasoning, in Case 2, a constant negative pressure of 10,000 Pascal is applied to the main air inlet at the discharge end and the rest of the settings remain unchanged; i.e. conjugate heat transfer through the coke bed is considered including the rotation effect. In Case 3, the tertiary air injectors U1 and D1 are turned 165 degrees redirecting towards the discharge end; thus, the tertiary air in Case 3 is injected toward both the feed end (D2, D3, U2 and U3) and the discharge end (D1 and U1). In Fig. 15b , suction at the main inlet changes the flow field inside the kiln. A portion of the hot combustion gas is drawn toward the discharge end. The reaction in the calcining zone is less vigorous and the highest temperature is 100 K lower than Case 1. In Fig. 15c , the reaction at the calcining zone of Case 3 is even less than Case 2. In this vertical plane view, the highest temperature of Case 3 is 600 K less than Case 1. Fig. 16b shows that the highest gas temperature of Case 2 is 300 K lower than Case 1, and on the horizontal mid-plane view Case 3 is 600 K lower than Case 1. Apparently, sufficient volatiles are not available for combustion near the discharge end, so suction does not help much in Case 2. When the tertiary air is partially injected upstream, it actually cools the gas and coke bed in the absence of combustion. Note, the above results are the consequence of modeling employed by not specifying the volatiles source term in the calcined coke region near the discharge end (but the coke source layer exists in the calcined coke region). Fig. 17b shows that the coke bed surface temperature of Case 2 is maintained at 1,400 K for a fairly large section and reduces to 1,100 K at the discharge end. But the maximum temperature for Case 2 is 200 K lower than Case 1. Fig. 17c shows that the coke bed surface temperature of Case 3 is 400 K colder in the calcining zone and compared to case 1, 300 K colder at the discharge end. The cross-sectional views of the temperature distributions in Fig. 18 clearly reinforce that discharge end air extraction reduces the combustion downstream of the tertiary air region and increases temperature upstream of the tertiary air region; but the gas temperature is cooled when two tertiary injectors are turned toward the upstream (discharge end) direction. Fig. 18a shows that in the tertiary air injection location cross-section views the coke bed temperature is shifting between 1,400 K and 1,500 K. Case 2 coke bed temperature starts at 1,300 K and rises to 1,400 K. The coke bed temperature of Case 3 is only at 1,100 K.
A comparison of the mass flow weighted gas temperature distributions of three cases is shown in Fig. 19 . Case 2 seems successful in increasing the gas temperature between 8 to 16 meters from 1,125 K to 1,450 K. The coke bed surface temperature of Case 2 is also successfully raised about 100 K (see Fig. 20 ) between 5 and 15 meters from the discharge end, but the temperature decreases approximately 100 K in the rest of the downstream location. Similarly, in Fig. 21 & 22 , coke temperature is also raised about 25 K for Case 2 from 2 to 10 meters and 0 to 8 meters from discharge end respectively. Apparently the hot air is extracted out, resulting in a net loss of energy; however, the extracted hot gas can be looped back into the downstream (near feed inlet) location to conserve energy. To recover this lost energy, Case 13 is conducted by returning the extracted hot gas downstream and re-injecting it into the kiln at Z = 35.05 m. For simplicity, the coke fines combustion is not included in Case 13. In Fig. 23 the mass weighted average gas and bed surface centerline static temperatures of Case 13 are compared with Case 5 which does not employ air extraction or coke fines combustion. The suction at the discharge end successfully increases the temperature between Z = 7 to 15 m by 100 K. However, the returned combustion gas causes a temperature reduction of approximately 100 K in the region of flow reinjection. Depending on the characteristics of the petcoke, reduction of 100 K in the heat-up region could or could not affect the product quality. Another potential adverse impact of this returning-gas approach is the high velocity (around 50 m/s) of the re-injected flow could cause undesired coke fines entrainments and reduced productivity.
The facility requirements for extracting and re-injecting this high temperature (970 K), low density (35 kg/m 3 ) combustion gas at this high velocity could be expensive. Case 3 is a clear loser, so it is not discussed.
Discharge end air extraction has completely changed the flow pattern near the discharge end as shown in Fig. 24, 25 & 26. In the tumbler region for Case 2 and Case 3, Fig. 24 , a small clockwise gas circulation is formed that pushes the combustion flame from U3 tertiary air injector upwards. Discharge end air extraction and reverse tertiary air injection induce recirculation (Fig. 24c & 25c) and inhibit an effective transport of hot gas from the tertiary combustion zone to the discharge end. The results show that coke fine combustion is a very important mechanism in the calcining kiln. Fig. 27a shows the highest temperature in Case 4 is 3,200 K, which is about 1,300 K higher than Case 5 without coke combustion and is 700 K higher than the baseline case. The baseline case allows heat transfer through the coke bed, so the gas temperature is lower than in Case 4, which does not include the coke bed. This high temperature in Case 4 is apparently achieved by the combustion of coke fines. The shortened devolatilization zone in Case 12 emits the same total amount of volatile matter as Case 5 but in a shorter distance. A shorter devolatilization zone causes a cold region at the tertiary air injection zone because no volatiles source term is assigned in the tertiary air zone. Both Fig. 28 & 29 support what has been shown in Fig. 27 : Case 4 has the highest temperature and more vigorous combustion than Cases 5 and 12. With the combustion of coke fines, the flame temperature is much higher than the combustion of solely volatiles with the air, as shown in Fig. 30 . Coke fine combustion shows a significant boost to the temperature field in Fig. 31 & 32. The significant reduction of temperature from Case 5 to Case 12, as shown in Fig. 31 , provides surprising evidence showing the sensitivity of modeling the location for releasing volatiles. It is important to ensure that the devolatilization process will continue into the tertiary air injection region; otherwise, the volatiles would be swept away with less effective combustion. 
Various Coke Bed Properties
Simulations in 2-D are carried out to study the impact of coke bed properties on the solutions. The geometry of the 2-D domain is shown in Fig. 36 . The corresponding 2-D case numbers and simulation conditions are listed in Table 2 . Fig.  37 shows for the same thermal conductivity and moving speed, coke bed temperature reduces as the heat capacity increases. The specific heat used in this study is 850 J/kg-K. Similarly, for the same heat capacity, coke bed temperature reduces as the thermal conductivity increases. The thermal conductivity of the coke bed varies depending on the size of the petcoke particles and the amount of gas trapped inside the coke bed (i.e. the characteristics of a granular flow), along with the effect of the tumblers. The effective thermal conductivity of the coke bed will be greater than the thermal conductivity of the coke itself; therefore, the effective thermal conductivity in this study is set to be 100 W/m-K, based on information from a typical fluidized bed. Bed temperature always decreases as the bed axial moving (sliding) speed increases. The coke resident time inside the kiln used in the 3-D studies is 1.65 hours, and coke bed axial moving velocity is 0.01 m/s (0.0328 ft/s). 
CONCLUSIONS
Effects of Tertiary Air Injection Angles
The case with 15° injection angle provides the best calcining condition: its bed surface temperature is 100 K higher than the case of 30° injection angle, and is 300 K higher than the case of 45° injection angle which shows an adverse cooling effect on the bed surface. Both 30° and 45° injections angles show increased flow disturbance on coke bed surface, which could increase coke fines entrainment and attrition rate. The 15° injection angle is the optimum design.
Effects of Discharge End Flow Control
Employing gas extraction at the discharge end successfully draws the hot combustion gas from the tertiary air zone towards the discharge end without burning natural gas. The coke bed temperature between 6 and 21 m from the discharge end is successfully raised from 10 to 100 K, but discharge end temperature is reduced 150 K without burning natural gas. The extracted gas at 1,000 K (1,340 °F) is too low to be returned to the kiln, but it could be used to preheat the tertiary air.
Effects of Devolatilization Conditions
Coke fines combustion results in a much higher combustion temperature inside the kiln. An accurate modeling of the devolatilization location has a pronounced effect on the simulated temperature distribution. 
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